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Abstract 
We describe the assembly and characterisation of a reference electrode for use in 
supercritical difluoromethane (R32). The reference electrode is constructed from a 
europium doped lanthanum fluoride crystal contacted by silver loaded epoxy and 
encased in a silicate epoxy. The reference electrode can withstand pressures and 
temperatures up to at least 20 MPa and 360K, typical operating condition for 
electrochemistry in supercritical difluoromethane (scR32). The performance of the 
new reference electrode is compared to that of a platinum pseudo reference electrode 
in scR32.  The redox potential of the decamethylferrocene couple in scR32 containing 
20 mM [NBu
n
4][BF4] at ~17.6 MPa and 359 K was 0.088 ± 0.002 V against the new 
silver contacted lanthanum fluoride crystal based reference electrode. 
 
Keywords: supercritical fluid, difluoromethane, reference electrode, lanthanum 
fluoride  
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1. Introduction 
Reference electrodes are an important tool for the electrochemist allowing control 
over the electrochemical conditions in an experiment and direct comparison between 
different experimental conditions. For experiments in aqueous solution a variety of 
reference electrodes exist; the mercury | mercury sulphate (calomel) and silver | silver 
chloride electrodes are two frequently used, and readily commercially available, 
examples. These electrodes are housed in a separate compartment and connected to 
the electrochemical cell via a frit or porous membrane. In these reference electrodes, 
the metal is in contact with a sparing soluble salt of that metal electrochemical 
equilibrium is established between the electrode and all components of the reference 
redox couple giving a well-defined redox potential as dictated by the Nernst equation 
[1]. When moving to organic media the choices are somewhat more restricted, but all 
organic or aprotic reference electrodes (where a metal with a surface layer of 
precipitated metal salt is in equilibrium with a known concentration of a 
corresponding salt dissolved in the organic solvent [2]) can often be used.  An 
alternative is the use of an outer sphere redox couple such as ferrocene [3-6]. It is 
possible to use a liquid-liquid junction to connect an aqueous reference electrode 
(such as calomel or mercury | mercury sulphate) to the organic media[1, 2] but this 
can cause difficulties caused by contamination of the organic solution with water from 
the reference electrode. Pseudo-reference electrodes, such as Pt or Ag wires [2, 7], are 
also often employed but suffer from drift due to the effects impurities or reaction 
products that perturb the poorly defined pseudo reference potential [8].  
 
An alternative method is to use a dynamic reference electrode, an approach that has 
been used in high temperature molten salt electrochemistry [9, 10]. Here a reference 
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electrode is polarised by a floating power source to induce a constant electrochemical 
equilibrium at the surface of the electrode. 
 
Electrochemistry in supercritical fluids is challenging, it requires sealed cells 
operating at elevated temperature and pressure. Often the supercritical fluids can be 
chemically aggressive, can swell or dissolve common polymers and epoxy resins. In 
cases where electrodeposition of a metal is studied and the electrode kinetics are fast, 
the metal in direct contact with the electrolyte can be used as the reference electrode 
in the supercritical fluid. We have demonstrated two systems that exhibit this 
behaviour, a Ag wire reference in an Ag plating bath [11, 12] and a Cu wire reference 
in Cu plating [13] in supercritical fluids. If the predominate electrochemical reactions 
within the supercritical fluid is not reversible or well defined then a pseudo-reference 
is typically employed with the obvious limitations [14-18]. 
 
The use of a dynamic reference electrode, liquid – liquid reference or polymer 
reference methodologies are not readily implemented in a supercritical fluid due to the 
practical problems.  It is therefore of interest to find new reference electrodes that can 
withstand the experimental conditions. 
 
As an alternative we propose the use of a silver epoxy contacted lanthanum fluoride 
crystal, denoted here as Ag|LaF3, as a solid state reference. Eu-doped LaF3 ceramics 
are typically used in ion selective membranes (in conjugation with a typical reference 
electrode) as the Eu-doping gives rise to fluoride vacancies making it a good fluoride 
conductor. It has been demonstrated that this configuration can detect fluoride levels 
down to the ~0.05 ppm level [19, 20]. This work describes both the assembly and use 
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of this electrode for use in supercritical fluids. Here we demonstrate that the electrode 
can survive supercritical fluid operational conditions of up to ~20 MPa and 359 K and 
have well defined half wave redox potentials versus decamethyl ferrocene, DMFc. 
Also documented is a direct comparison to that of the platinum pseudo reference 
which is typically used in supercritical fluid experiments. Measuring the potential of 
the reference versus a tin wire in a supercritical fluid containing different 
concentrations of SnCl3
-
 produced a Nernstian dependence. Exemplar supercritical 
fluid cyclic voltammograms on macro electrodes are shown of various redox couples 
DMFc/DMFc
+
, Sn/[SnCl3]
-
, Sb/[SbCl3]
-
 and Ge/[GeCl3]
-
 to demonstrate its 
applicability. 
 
2. Experimental Details  
2.1. Chemical Reagents 
Tetrabutyl ammonium tetrafluoroborate, [NBu
n
4][BF4] (≥99.0 %), tetrabutyl 
ammonium chloride [NBu
n
4][Cl] (≥99.0 %) and decamethyl ferrocene, (C20H30Fe) 
DMFc used in this study were analytical quality and purchased from Sigma Aldrich.. 
All chemicals were used without further purification apart from DMFc which was 
sublimed before use. Various halometallate complexes [NBu
n
4][SnCl3], 
[NBu
n
4][SbCl5] and [NBu
n
4][GeCl5] were prepared as previously described [21]. The 
Eu-doped LaF3 crystals were purchased from Crystran, UK. Difluoromethane (CH2F2, 
R32, 99.9 %) was purchased from Apollo, UK.  
 
2.2. Instrumentation 
Full details of the supercritical fluid electrochemical cells are given elsewhere [13]. 
Typically experiments were conducted at ~359 K and ~17.2 - 20 MPa. The platinum 
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pseudo reference electrodes (including a Pt reference micro-polarised) used 
throughout this study were Pt wire (0.345 cm
2
) sealed in PEEK (poly ether ether 
ketone, Sigma Aldrich) contacted to a stainless steel feed through. A 50 m diameter 
working electrode used for the DMFc experiments was prepared from Pt wire sealed 
in glass and then encased in PEEK. Pt and Au macro wires with diameters of either 1 
or 0.5 mm sealed in PEEK were employed to study the voltammetry of the 
halometallate complexes and DMFc. For all DMFc and halometallate experiments 
excluding the work using [GeCl3]
-
, the working electrodes were polished initially with 
sand paper and then with aluminium paste, 1 m and 0.3 m (Buehler, UK) before 
experiments to ensure a reproducible surface. Substrates used in Ge experiments were 
Ge single crystals purchased from Goodfellow (n-type, 99.999 %), which were 
scratched to expose oxide free germanium and then electrically contacted with silver 
epoxy (Ray-fast 130308) and insulated with silicate epoxy (Fortafix, UK). Prior to 
experiments the Ge crystal were etched with HCl (10 w/w %, 5 minutes) to give a 
chloride terminated surface [22]  before loading into a glove box. A large area Pt wire 
counter electrode (ca ~0.4 cm
2
) completed the 3 electrode system. Autolab 
PGSTAT101 and PGSTAT302N potentiostats (Metrohm, UK) were used for 
electrochemical and impedance measurements. 
 
2.3. Construction of the LaF3 Reference Electrodes 
The reference electrodes used throughout this study are based on LaF3 single crystals 
doped with Eu. The amount of Eu present within the crystal is 0.3 % atomic percent 
resulting in 15.3 mol per gram of LaF3. Typically, a crystal of LaF3 was cut from a 2 
mm diameter rod into 3 mm length stubs. A stub was then attached and electrically 
contacted to a PEEK (Sigma-Aldrich, UK) coated stainless steel feed through (Advent 
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Materials, UK) using a high temperature silver epoxy. The silver epoxy used was as 
Duralco 120 High Temperature Silver Epoxy (IS-Rayfast, UK). The silver epoxy was 
allowed to cure overnight at room temperature and then for 1 h at 353 K. The exposed 
silver epoxy was then insulated with silicate epoxy (Fortafix, UK), leaving only the 
front face of the LaF3 crystal uncovered, and cured overnight at 353 K. The exposed 
surface of the LaF3 crystal was polished with alumina paste between experiments to 
ensure a reproducible surface. For comparison electrodes, with a carbon contact to the 
LaF3 crystal was constructed in an identical fashion using carbon epoxy (Eccobond 
60L, Hitek Electronic Materials LTD, UK) which was cured overnight at room 
temperature in place of the silver epoxy.  
 
3. Results and Discussion 
In general the ideal reference electrode for use in a supercritical fluids such as R32 
(difluoromethane) needs to withstand the high temperatures and pressures typically 
used (typically ~385 K and ~20 MPa for scR32), to survive repeated cycling of the 
temperature and pressure, to be adaptable and sealable into a convectional 
supercritical fluid electrochemical cell, to be insensitive to redox reactions with 
reagents in the solution, and to withstand the aggressive supercritical fluids 
environment. Here we propose a Ag|LaF3 solid state reference electrode for 
supercritical fluids that meets these criteria. The electrode is constructed by 
electrically contacting a europium doped LaF3 crystal onto a PEEK coated stainless 
steel wire with silver epoxy. A ceramic epoxy was then used to insulate the contact 
and sides of the crystal, Figure 1. The PEEK coated stainless steel wire is sealed into 
the supercritical fluid electrochemical cell using a 1/16 “ PEEK ferrule as previously 
described [13]. 
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Figure 1: (A) Photograph of the assembled LaF3 reference electrode. (B) Schematic 
cross section of the reference electrode. 
 
3.1. Decamethyl ferrocene voltammetry in supercritical R32  
The Ag|LaF3 reference electrode was first compared against the normal Pt peusdo 
reference electrode in a study of the microelectrode voltammetry of decamethyl 
ferrocene (DMFc) in scR32. Ferrocenes are often used as a model redox system and 
internal redox standard in non-aqueous solvents [4-6] because they show fast outer 
sphere electron transfer that is not highly solvent dependent. In the present case the 
use of a microelectrode is advantageous because it minimises the effects of iR drop 
and because at low scan rates we obtain a steady-state response with a readily 
analysable voltammogram.  
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The experiments were carried out with the microdisc electrode and the two reference 
electrodes in the same cell together with a large area platinum wire counter electrode. 
The open circuit potential for the platinum microdisc against the two reference 
electrodes, prior to cycling, was -0.040 V vs. Pt and -0.090 V vs. Ag|LaF3. In 
principle the open circuit voltage of the microelectrode against the Pt pseudo 
reference should be zero, the 40 mV deviation must arise from differences in the 
states (such as impurities) of the surfaces of the two Pt electrodes.  
 
The voltammetry of DMFc at the microdisc electrode recorded against the two 
reference electrodes for three different concentrations, recorded on three different 
days, is shown in Figure 3. The DMFc shows the expected reversible wave at the 
microdisc with the current reaching a mass transport limited plateau at higher anodic 
potentials.  Note that there is significant noise on the plateau current caused by 
pronounced natural convection in the cell due to the very low viscosity of the 
supercritical fluid [23].  In all cases the convective contribution to the mass transport 
increases the current and so in the following analysis we take the lower bound of the 
noise to define to microdisc diffusion limited plateau current [23]. 
 
The half wave potentials, E1/2, measured at three different concentrations on three 
different days were chosen to compare the performance of the two reference 
electrodes. The values are given in Table 1.  The difference between the two reference 
electrodes is about 56 mV, which is similar to the value, about 50 mV, from the open 
circuit measurements at the start of the experiment.  From Table 1 we can see that the 
half wave potential when measured against the Ag|LaF3 electrode, 0.088 ± 0.002 V, is 
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slightly more reproducible than the values obtained using the Pt pseudo reference, 
0.140 ± 0.007 V.  
 
From these experiments we concluded that the Ag|LaF3 electrode can be used as a 
reference electrode in scR32, at least for simple outer sphere redox couples, and that it 
performs somewhat better than the Pt pseudo reference electrode in terms of its 
stability from experiment to experiment.  
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Figure 2: Offset cyclic voltammetry for three concentrations of DMFc (i) 1.00 mM, 
(ii) 0.57 mM and (iii) 0.46 mM in scR32 (~17.6 MPa) containing 20 mM 
[NBu
n
4][BF4] at 359 K. The voltammograms are offset for clarity.  In all cases the 
working electrode was a 50 µm diameter Pt microelectrode recorded, scan rate 10 mV 
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s
-1
. (A) Cyclic voltammograms performed using LaF3 reference, (B) Pt wire pseudo 
reference.  
 
 
Table 1: Half wave potentials for DMFc in scR32 from Figure 2. 
 
3.2. Further examples of voltammetry using the Ag|LaF3 reference electrode 
To demonstrate the use of the Ag|LaF3 reference electrode cyclic voltammograms in 
scR32 were recorded at macro electrodes for several different redox systems; DMFc, 
[SnCl3]
-
, [SbCl4]
-
, and [GeCl3]
-
, Figure 3. For DMFc we see reversible voltammetry 
as expected.  For the other three systems the reduction of the chloride complex anion 
leads to deposition of the corresponding p-block element [21] 
[SnCl3]
-
    +   2e
-
       Sn   +   3Cl
-
    (2) 
[SbCl4]
-
    +   3e
-
       Sb   +   4Cl
-
    (3) 
 [GeCl3]
-
    +   2e
-
      Ge   +   3Cl
-
    (4) 
with stripping of the deposited element on the return scan for Sn and Sb. For DMFc 
the mid-peak potential, 0.152 V vs. Ag|LaF3, is slightly shifted from the half wave 
potentials at the microdisc electrode (see Table 1) due to iR drop at the larger 
electrode. For the other three couples the half wave potentials are: E1/2 (Sn/[SnCl3]
-
) -
0.438 V, E1/2 (Sb/[SbCl4]
-
) -0.164 V, and E1/2 (Ge/[GeCl3]
-
) = -1.921 V.  
[DMFc] / mM E1/2 vs. Pt / V E1/2 vs. Ag|LaF3 / V 
1.0 0.146 0.090 
0.57 0.133 0.090 
0.46 0.140 0.084 
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Figure 3: Offset cyclic voltammetry for various redox species at macroelectrodes in 
scR32 at 359 K recorded against Ag|LaF3. (i) 0.57 mM DMFc in 20 mM 
[NBu
n
4][BF4] at a 1 mm diameter Au disc electrode fitted with a baffle [23] scan rate 
of 500 mV s
-1
, 17.2 MPa. (ii) 10 mM [NBu
n
4][SnCl3] in 60 mM [NBu
n
4][Cl] at a 0.5 
mm diameter Pt disc electrode, scan rate 50 mV s
-1
, 19.3 MPa. (iii) 6 mM 
[NBu
n
4][SbCl4]
 
in 60 mM [NBu
n
4][Cl] at a 0.5 mm diameter Pt disc electrode, scan 
rate of 100 mV s
-1
, 19.3 MPa. (iii) 12 mM [N
n
Bu4][GeCl3]
 
in 60 mM [NBu
n
4][Cl] at a 
Ge single crystal electrode (area, 3 mm
2
), scan rate of 100 mV s
-1
, 19.3 MPa. 
 
 
3.3 Nernstian response for Sn | [SnCl3]
-
 
To test the performance of the Ag|LaF3 electrode we have investigated the potential of 
the electrode against Sn|[SnCl3]
-
 in scR32 containing [NBu
n
4][Cl]. Figure 4 shows a 
plot of the open circuit potential measured between Ag|LaF3 electrode and the tin 
electrode in 0.1 to 1 to 10 mM [NBu
n
4][SnCl3]. According to the Nernst equation the 
slope of the plot should be given by 
 
𝐸 = 𝐸𝑜 +
2.3𝑅𝑇
𝑛𝐹
log10(𝛾[SnCl3]
−)     (6) 
 
where  is the activity coefficient, and n = 2 and T = 359 K.  This gives a predicted 
slope, assuming that the activity coefficient for [SnCl3]
-
 is constant, of 35.5 mV per 
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decade in reasonable agreement with the best fit in Figure 4 which has a slope of 30.1 
± 4.1 mV per decade.  The discrepancy probably arises from the change in activity 
coefficient with concentration in the low dielectric solution.   
0.1 1 10
240
250
260
270
280
290
300
310
320
 
 
V
o
c
(L
a
F
3
) 
v
s
. 
S
n
 /
 V
[NBu
n
4
][SnCl
3
] / mM  
 
 
Figure 4: Plot of measured potential at the surface of Ag|LaF3 reference versus a tin 
reference at different concentrations of [NBu
n
4][SnCl3] in supercritical R32, 17.9 to 
19.3 MPa and 359 K. The open circuit values were measured over a 10 min period. 
The line of best fit is superimposed on the plot 
 
3.4. Micro-polarisation measurements 
Micro-polarisation measurements on a reference electrode give an indication of the 
quality of the reference. For an ideal reference electrode the current will either 
increase (when applying positive potential) or decrease (when applying negative 
potential) rapidly with change in potential indicating a labile electrochemical 
equilibrium at the surface and a well-defined reference potential . In addition there 
should be no hysteresis in the micro-polarisation curves and the electrode should 
return rapidly to a steady open circuit potential following polarisation [1]. 
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Micro-polarisation experiments were carried out in scR32 containing 20 mM 
[NBu
n
4][BF4] for both the Pt pseudo reference and Ag|LaF3 electrodes. Before 
polarisation the open circuit voltages for the Pt and for the Ag|LaF3 electrodes, measured 
in each case against a nominally identical electrode, were 0.011 V for Pt and 0.003 V 
for Ag|LaF3. Again the Ag|LaF3 performs better than the Pt pseudo reference. 
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Figure 5: Successive offset micro polarisation curves for Pt and Ag|LaF3 electrodes 
in scR32 (359 K, 17.3 MPa) in 20 mM [NBu
n
4][BF4]. The areas of the two electrodes 
were Pt 0.35 cm
2
 and LaF3 0.032 cm
2
. In each case the reference electrodes were 
nominally identical electrode, Pt or Ag|LaF3 respectively. All voltammograms were 
recorded at 0.1 mV s
-1
.  
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Figure 5 shows the micro-polarisation curves. In these experiments the potential range 
was sequentially increased from ±1 mV to ±3 mV (note successive scans have been 
offset for clarity). Both reference electrodes exhibit an essentially ohmic response but 
the Pt pseudo reference electrode has a lower current density compared to the 
Ag|LaF3. The calculated charge transfer resistances of the two electrodes over a 6 mV 
window are 5.6 x 10
5
  cm2 and 3.2 x 103  cm2 for the Pt and Ag|LaF3 electrodes 
respectively. The charge transfer resistance for the Ag | LaF3 electrode is over two 
orders of magnitude smaller than that of the platinum electrode leading to a better 
defined reference potential and reference electrode performance.  We can also see 
from the figure that after polarisation the electrode returns well to the original 
potential with only limited hysteresis. 
 
3.5. The role of the silver contact  
The Eu doping of LaF3 (replacement of La
3+
 by Eu
2+
) introduces fluoride vacancies 
within the crystal lattice and these vacancies turn the crystal into a fast fluoride ion 
conductor. The number of fluoride vacancies (and hence the carrier concentration) 
depends on the level of doping; a 0.3 atomic % level of doping by europium is 
estimated to produce of the order of 5.5 x 10
19
 cm
-3
 of fluoride vacancies.  This 
fluoride ion conductivity is exploited in the construction of ion selective electrodes for 
the measurement of fluoride in aqueous solution [19].  Commercial fluoride ion 
selective electrodes generally have an internal filling solution and reference electrode.  
However some authors have shown that this can be successfully replaced by a solid 
state contact to AgF and a silver loaded epoxy [24, 25] and the solid state 
electrochemical reaction between Eu doped LaF3 crystals and metals, including Ag, 
has been studied [26, 27].  We therefore suppose that the potential determining 
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equilibrium at the silver epoxy LaF3 interface is reaction between fluoride ion 
transported through the LaF3 crystal and Ag and AgF (Ag|AgF) present at the 
interface.  At the other interface, between the LaF3 crystal and the supercritical fluid, 
we expect the potential determining reaction to be exchange of fluoride anion.  The 
solubility of fluoride in supercritical fluid will be very low because of the low 
dielectric of the solvent but may also be present as an impurity from the fluoride 
species present as solvent (CH2F2) and electrolyte (BF4
-
, etc.). 
 
Figure 6 shows a comparison of the potentials of three freshly prepared Ag|LaF3 
electrodes and a Pt pseudo reference electrode recorded in scR32 containing 20 mM 
[NBu
n
4][BF4] over a period of 3 hr.  First we can see that over the period of the 
experiment the three nominally identical Ag|LaF3 electrodes have potentials within  
15 mV whereas the potential of the Pt pseudo reference electrode drifts by around 300 
mV over the same time. In separate experiments we found that similar potentials ( 
10 mV) and minimal drift were obtained when using a different batch of the same 
silver loaded epoxy to form the contact. 
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Figure 6: Open circuit measurements of various electrodes in scR32 at 359 K, 17.2 
MPa with 20 mM [NBu
n
4][BF4] as a background electrolyte. The electrodes were: 
circles - Pt pseudo reference; triangles and squares – two nominally identical Ag|LaF3 
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electrodes. All open circuit points are recorded against a third nominally identical 
Ag|LaF3 electrode. 
 
Additional reference electrodes were prepared and compared to that of the LaF3|Ag in 
other supercritical fluid experiments. Open circuit measurements of an electrode 
prepared using a 200 nm evaporated silver film on the LaF3 crystal gave a potential of 
around -20 mV against the Ag|LaF3 electrode prepared with the silver loaded epoxy 
with a variation of ± 80 mV over a period of 2.5 hours. An analogous electrode 
prepared using a carbon loaded epoxy contact to the LaF3 crystal initially displayed a 
similar open circuit voltage (around +15 mV against the Ag|LaF3) but the potential 
continually drifted throughout the course of an 2.2 hr experiment resulting in an 
approximately -240 mV shift in potential against Ag|LaF3. Thus, whilst both these 
electrodes show better performance than the Pt pseudo reference electrode, they are 
inferior to the Ag|LaF3 electrode prepared using the silver loaded epoxy contact as 
described above. 
 
Typically the operating lifetime of a Ag|LaF3 electrode is between four and six 
experiments (with polishing of the exposed crystal surface between experiments).  
The general mode of failure of the electrodes was breakdown of the Fortafix ceramic 
insulation presumably as a result of the pressure and temperature cycling and 
exposure to scR32. Longer term solutions to the problem of insulation are currently 
being sought. 
 
4. Conclusion 
In this paper we have reported the fabrication and characterization of a Ag|LaF3 
reference electrode for use in supercritical R32 (difluoromethane). In comparison to 
the Pt pseudo reference electrode the Ag|LaF3 electrode is superior in stability, 
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reproducibility and repeatability. The electrode has been shown to be suitable for use 
as a reference in voltammetric measurements on several redox couples, 
DMFc/DMFc
+
, Sn/[SnCl3]
-
, Sb/[SbCl3]
-
 and Ge/[GeCl3]
-
, in scR32. Open circuit 
meaasurements for the Ag|LaF3 reference electrode versus a [SnCl3]
-
|Sn couple 
exhibit the expected Nernstian behaviour with a 30.5 ± 4.1 mV per decade 
concentration dependence on [SnCl3]
-
. The redox potential of the 
decamethylferrocene couple in scR32 containing 20 mM [NBu
n
4][BF4] at ~17.6 MPa 
and 359 K is 0.088 ± 0.002 V against the Ag|LaF3 electrode. 
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